We report the results of theoretical studies of the rotationally resolved photoelectron spectra of ground state O 2 leading to the X 2TIg state of O 2 + via the absorption of a single vacuum ultraviolet photon. These studies elaborate on a recent report [M. Braunstein et al., J. Chem. Phys. 93,5345 (1990)] where we showed that a shape resonance near threshold creates a significant dependence of the rotational branching ratios on the ion vibrational level. We also showed that analysis of the rotational branches yields detailed information on the angular momentum composition of the shape resonance. We continue this analysis giving a comprehensive derivation of the rotationally resolved cross sections and photoelectron angular distributions. We discuss the selection rules implied by these expressions and present very high resolution cross sections (J -+J + ) obtained using static-exchange photoelectron orbitals and explicitly taking into account the internuclear distance dependence of the electronic transition moment. These cross sections illustrate the selection rules and show more explicitly the angular momentum composition of the shape resonance. We also present rotationally resolved photoelectron angular distributions which would be expected at low energy.
I. INTRODUCTION
Rotationally resolved photoelectron spectra of molecules can provide much insight into both the properties and dynamics of excited electronic states,I,2 and the angular momentum composition of 3 - 5 and the influence of autoionization on6-8 the electronic continuum. Recently, very high resolution threshold photoelectron spectroscopy has been used to obtain rotationally resolved photoelectron spectra of molecules. 9 - 12 With cooling in a supersonic nozzle, rotationally resolved spectra were obtained for photoionization of the ground state of O 2 (X 3~g-) leading to the ground state (X 2TIg) of O 2 + via a single vacuum ultraviolet (VUV) photon. 13 The spectral transitions of interest here are illustrated schematically in Fig. 1 . Figure 2 shows the measured rotational spectra for vibrational levels v + = 0, 1, and 2 of the ion along with the results of our calculations as given in Ref. 13 (note that the ground state spin splitting is not resolved). Analysis of the calculated transition amplitudes showed that these rotational branches were dominated by specific components of the angular momentum of the photoelectron, with the lower aN peaks (aN = N + -N) arising primarily from 1= 1 and the higher aN from 1= 3. Furthermore, with increasing vibrational excitation of the ion, the I = 1 partial wave increases in importance and leads to a dependence of the rotational branching ratios on the ion vibrational level. This dependence of the photoelectron angular momen- tum composition on vibrational level arises from a shape resonance near threshold which has been previously observed and studied in vibrationally resolved spectra. I 4-24 In the absence of a shape resonance, which induces this dependence of the electronic transition moment on the internuclear distance, the same ratio of I = 1 to 1= 3 amplitUdes is expected within each vibrational level and there should be no such vibrational state dependence of the rotational branching ratios.
In this paper, we present a comprehensive derivation of the formulation we use in our studies of the rotationally resolved cross sections and photoelectron angular distributions for these transitions, including a full description of the mixed Hund's case (a)-(b) ionic ground state. We discuss the selection rules implied by these expressions and present very high resolution (with the ground state spin splitting resolved) cross sections, obtained with Hartree-Fock photoelectron orbitals, which more plainly reveal the angular momentum composition of the shape resonance. We also present calculated photoelectron angular distributions expected at low photoelectron energy. The difference in the angular momentum composition for low !:J.N peaks vs high aN is especially evident in these photoelectron angular distributions.
II. THEORY
We extend the formulation given previously25 to treat transitions from a Hund's case (b) .a
:.
-- measured spectra at about 10 K (top frame); calculated spectra at \0 K (center frame); calculated spectra at 5 K (bottom frame). These spectra are taken from Ref. wave function (ion plus photoelectron), IJI{ is the initial target state, and DI-'o is the dipole moment operator where f..lo characterizes the polarization of the radiation. For the initial state case (b) wave function, we use the Born-Oppenheimer approximation so that2 s and M J its projection along the laboratory z axis. S is the total spin with a projection M s on the laboratory z axis, and r contains all other subscripts needed for an unambiguous designation of the state. Due to the many-particle nature of the wave function, and for reasons which will be made clear later, it is convenient to transform the spin in Eq. (2) into the molecular frame. We then have
where ~ is the projection of S on the molecular z axis.
It is well known that the rotational states of the X 2IIg ion of O 2 do not belong to a pure Hund's case coupling. In the low J + limit, they can be best described by Hund's case (a), while for high J + the rotational levels are best described using Hund's case (b). 26 Since we wish to describe a wide range of J + here, we use a mixed rotational basis. This is done by expanding the rotational wave function in Hund's case (a) basis functions with 0 + = 1/2 and 0 + = 3/2 and diagonalizing the rotational Hamiltonian, as discussed by Hougen. 3o The energy levels and rotational wave functions with this mixed basis are given in Appendix A. The wave function for the final state can therefore be written as is the photoelectron wave function. The final-state wave function therefore consists of linear combinations of four "primitive" wave functions of the form,
The photoelectron wave function I¢k) can be expanded in partial waves,
where k denotes the momentum of the photoelectron and kits direction in the laboratory frame. ImA denote the angular momentum of the photoelectron and its projections along the laboratory and molecular frame z axes, respectively, ~ is the electron spin and rns its projection on the laboratory z axis. Again it is convenient to transform the spin into the molecular frame so that we have
I¢k) = }' rPkf).(r';R)iie-i'li( _l)m-..tyr,..(k-)
ImT:nu (7) where rnq is the projection of the electron spin on the molecular z axis. The dipole moment operator for polarized light can be written (8) where f..lo characterizes the polarization of the light; f..lo = 0 for light linearly polarized along the laboratory z axis, Ito = ± 1 for circularly polarized light propagating along the laboratory z axis. It is necessary to transform the dipole moment operator into the molecular frame so that
Using Eqs. (1) and (4), we have (c,d) {i where the "primitive" matrix elements are given by
Using Eqs. (3), (5), (7), and (9) these primitive matrix elements can be written as
where J t denotes the angular momentum transferred to the ion, and M, and Ot denote the projection of J, along the laboratory and molecular z axes, respectively. The indicesj, m j , and Aj are dummy indices. Here the vibrationally resolved amplitudes are where these wave functions are antisymmetrized and if/imposite are the composite final states as given in Appendix B. The re-expansion of the composite 1ft amplitudes in terms of 1ft amplitudes therefore comes from the necessity of defining final state basis functions for the molecular ion which have a well-defined A + projection. This occurs in~; composite states (k1T u photoelectron), where the composite final state wave function is built on a linear combination of A + and -A + ion cores. The ~verlaps Oft are simply constants. The composite amplitudes 1ft have been evaluated previously in the context of vibrationally resolved transitions. 14 Details are given elsewhere. 14.31.32 It is important to note, however, that these amplitudes are obtained in the static-exchange approximation and in the fully anisotropic potential of the molecular ion and include the effects of the internuclear dependence of the electronic transition amplitude via Eq. (13). We have now completely defined the quantities needed to obtain the rotationally resolved differential cross section.
An alternative way of expressing the differential cross section, which is sometimes more convenient, is in terms of expansion coefficients B LM , (15) where
where we have taken out the sum over [, [', m, and m' in the matrix element and shown it explicitly. The angle-integrated cross section is (17) and /3= !: $, (18) where /3 is the familiar asymmetry parameter,33 (19) and P 2 (cos (J) is a Legendre polynomial. A computationally convenient expression for the angle-integrated cross section can be obtained by separating the laboratory and molecular frame projection indices and summing over the laboratory frame m projections. From Eq. (1) we have
Expanding in terms of the "primitive" matrix elements we obtain, (21) The primitive amplitudes can be separated into a laboratory frame part and molecular frame contributions so that 
This expression for the total cross section is considerably more efficient computationally than Eq. (17).
III. HIGH RESOLUTION RESULTS: SELECTION RULES
In Fig, 3 , we show our calculated high-resolution threshold spectrum for photoionization of the ground state of0 2 leadingtothev+ = 2leveiofOt eng) at a rotational temperature of 5 K and for the Fl spin-orbit manifold. The peaks have an assumed bandwidth of 0,25 cm -I, These peaks may, however, still be evident at a lower resolution, The peaks seen in Fig, 2 are now split into three components so that the individual J levels of the ground state are resolved. We can now see the spin splitting of the ground state and have a fully resolved J -+J + transition.
From Eqs, (24) and (25) the transition amplitude can be seen to depend on the product of 3 -j symbols,
For certain J --J + transitions, this dependence restricts the allowed partial waves of the photoelectron to a single component. For example, for the transition J = O--J + = 0.5 (Q branch), only the 1= 1 partial wave is allowed. The transi-
, and all the Ubranch transitions, do not allow the I = 1 wave. Being so close to threshold, the intensity due to these higher partial waves (really only 1= 3 since I = 5 and higher are negligible) signal the presence of a shape resonance near threshold. Such "fully resolved" transitions are dynamically significant because they decompose the continuum into single partial waves and offer a "snapshot" of the photoelectron continuum, Furthermore, if we now monitor these same rotational transitions for different vibrational ...,
Energy (r.m -1) FIG. 3 . The same as Fig. 2 , except here we focus on the calculated FI component of the v + = 2 vibrational level at 5 K. We have assumed a linewidth of 0.25 em -I so that the ground state spin splitting is now visible. levels, we can see the changing partial wave character of the continuum brought about by the internuclear distance dependence of the electronic transition moment induced by the shape resonance. These selection rules may also be important in understanding Hund's case (b) to mixed case (a) transitions in other molecules. 34 Experiments are now underway3s on single-photon VUV ionization of ground state HCI to the ground state X 2n ion. Here the absence of gerade-ungerade symmetry may make the selection rules weaker since most transitions will now be mixtures of even and odd partial waves.
IV. PHOTOELECTRON ANGULAR DISTRIBUTIONS
In Fig. 4 we show our calculated photoelectron angular distributions for near-threshold energies (50 meV) for v T = 2. The angular distributions for the other vibrational levels are similar and are not shown. In this figure, the light is 
(Al)
Here A is the spin-orbit constant and B is the rotational constant. For an isolated 2n state, we have, Although these eigenvalues are widely available,26 expressions for the corresponding eigenfunctions necessary in evaluating transition amplitudes are not. 
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